The motion and the evolution of tropical cyclone-like vortices in an environmental flow with vertical shear are investigated using a baroclinic primitive equation model. The study focuses on the fundamental dynamics of a baroclinic vortex in vertical shear, the influence of vortex structure, and the role of diabatic heating. The results show that the initial response of the vortex to the vertical shear is to tilt downshear. As soon as the tilt develops, the upper-level anticyclonic and lower-level cyclonic circulations begin to interact with each other. As a result of these interactions, the tilted axis of the vortex reaches a stable state after an initial adjustment, which varies with the structure of the vortex, its environmental flow shear, and the cumulus convective heating.
Introduction
Recent studies of tropical cyclone motion have focused mainly on the baroclinic processes, such as the effect of vertical structure of the vortex (Wang and Li 1992; Wang and Holland 1996a,b) and the influence of vertical shear in the environmental flow (Shapiro 1992; Wu and Emanuel 1993; Wang et al. 1993; Flatau et al. 1994; Jones 1995) . Other important aspects are the diabatic (especially latent heat release) and frictional processes that are essential to tropical cyclones (Wang et al. 1993; Flatau et al. 1994; Holland and Wang 1995; Wang and Holland 1996b) . The aim of these studies is to understand different aspects of the physical processes that contribute to the motion of real tropical cyclones.
Among various baroclinic processes, the influence of vertical shear in the environmental flow has received considerable attention. Previous studies have shown that tropical cyclonelike vortices may propagate either to the right (Shapiro 1992; Wang et al. 1993; Holland and Wang 1995) or to the left (Wu and Emanuel 1993; Flatau et al. 1994 ) of the vertical shear vector. Two processes have been recognized as fundamental to this motion.
One mechanism is the differential advection of background potential vorticity (PV) associated with the environmental vertical shear by the vortex circulation. This is a generalization of the barotropic beta effect (Fiorino and Elsberry 1989) , which was first demonstrated by Shapiro ( 1992) using a three-layer model in isentropic coordinates. An upper-level westerly jet has an equatorward PV gradient in the middle layer. Advection of PV by the vortex circulation forms a pair of gyres with anticyclonic to the west and cyclonic to the east of the vortex center, resulting in motion to the equatorward side or, equivalently, to the right of the vertical shear.
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JOURNAL OF THE ATMOSPHERIC SCIENCES VOL. 53, No. 22 The second mechanism is the self-interaction of a vertically tilted vortex (Khandekar and Rao 1971, 1975) , which was reexamined by Wu and Emanuel ( 1993) . In their two-layer quasigeostrophic model, a tropical cyclone was represented as a cyclonic point potential vortex in the lower layer and an anticyclonic vortex patch in the upper layer. In the absence of background PV gradients, the direct effect of ambient vertical shear was to displace the upper-layer plume of anticyclonic PV downshear from the lower-layer cyclonic vortex. A mutual interaction between the circulations in the two layers arising from their vertical penetration (Hoskins et al. 1985) resulted in a drift of the lower point vortex to the left of the vertical shear. This mechanism was also studied by Flatau et al. (1994) using a five-level semispectral primitive equation model, who found potential sensitivity to both the environmental wind profile and the vortex intensity. Wang et al. (1993) and Holland and Wang (1995) further examined the mechanism proposed by Wu and Emanuel (1993) . However, they concentrated on the role of the vertical shear in tilting the cyclonic vortex. In this case, vertical penetration of the tilted vortex caused the surface vortex to propagate to the right of the vertical shear. Although the upper-level anticyclonic PV anomaly has a tendency to move the surface vortex to the left of the vertical shear as discussed by Wu and Emanuel (1993) and Flatau et al. (1994) , the effect did not penetrate to the surface in Wang et al.'s study. It does help tilt the cyclonic portion of the vortex. Jones (1995) chose a vertical shear that contained no horizontal PV gradient and imposed a vortex with no vertical structure. The initial response of the vortex was to tilt in the plane of the vertical shear. The upperand lower-level centers then began to rotate cyclonically about the midlevel center. As a result, both leftward and rightward movement relative to the vertical shear were observed. This rotation is a result of the vertical projection of the circulation associated with the PV anomalies of the tilted vortex. Further a vertical circulation developed in a manner that was consistent with the model flow remaining balanced. The processes involved were found to strongly depend on the penetration depth over which the PV anomaly extends its influence.
Similar vertical interaction has been observed for baroclinic vortices on the beta-plane with no environmental flow by Wang and Holland (1996a) . In this case, the vertical tilt of the vortex resulted from differential beta effect propagation, which decreases with height for tropical cyclonelike vortex. Further study by Holland (1995, 1996b) demonstrated that the vertical circulation associated with the vertically tilted vortex could help initiate convective asymmetries within the vortex core region, which may further influence the vortex motion.
Thus, two major mechanisms have been proposed to explain the behavior of tropical cyclones in vertical shear. Here, we examine these mechanisms in detail, especially their dependence on the vertical structure of the vortex and the influence of moist processes and convective asymmetries that develop as a result of the interaction between the vertical shear and the vortex circulation. We also discuss a new process that influences the vortex motion in vertical shear, arising from the PV transport associated with the diabatic heating. The next section describes the numerical model, the structure of both the vortices and the baroclinic environment, and a summary of the numerical experiments. The motion and evolution of adiabatic and diabatic vortices in vertical shear on an f plane are discussed in sections 3 and 4, respectively. The beta effect is included in section 5. Our major findings and conclusions are summarized in section 6.
Experimental design

a. The numerical model
The three-dimensional model (see Wang 1995 for more detail) uses the nonlinear, primitive equations on either an fplane or a (3 plane formulated with Cartesian coordinates in the horizontal and the a coordinate in the vertical. The model consists of five layers with D..a = 0.2 in each layer. Horizontal velocity, potential temperature, and specific humidity are defined in the middle of each layer and the vertical vetocity at the layer interfaces. The horizontal mesh consists of 141 X 141 grid points with a uniform grid spacing of 40 km. All variables are defined at the same grid point on the a surfaces. Sponge layers are applied to the north and south boundaries, and all variables are cyclic in the east-west direction.
A two-time-Ievel explicit time-split scheme similar to that used by Leslie and Purser ( 1991 ) is used for the model time integration. The procedure consists of an advection step with time step D..t A followed by N ad-
step of physical processes with time step D..t A is followed to complete a full time step integration. The forward-in-time upstream advection scheme with third-order accuracy for time-dependent and nonuniform flow recently developed by is adopted for the time integration of the advection stage. This advection scheme has very weak dissipation, very small phase errors, and good shape-preserving properties, compared to the classical forward-in-time upstream advection schemes. The forward-backward scheme is used for the time integration of the adjustment stage with the Coriolis terms implicitly treated.
For the horizontal differencing, we use a centered finite difference scheme with fourth-order precision. The vertical differencing is identical to that used by Arakawa and Lamb (1977) . For the horizontal reso-I Here WW, WZ, and WE refer to westerly shear (W) with mean winds that are westerly (WW), zero (WZ), and easterly (WE). Similar codes apply to EE, EZ, and EW. FIG. 1. Azimuthal wind (left panels) and the corresponding potential vorticity (right panels) profiles for the three initial axisymmetric vortices (A, B, and C) used in this study. Contour intervals are 4 m S-l in the left panels and 5 X 10-7 K kg-1 m 2 S-1 in the right panels to emphasize the potential vorticity structure outside the core. iii evidence of a significant influence by unstable modes growing from these instabilities on vortex motion.
c. Vertical profile of the environmental flow
The effects of a baroclinic environment on baroclinic vortex motion are investigated using zonal flow with linear vertical shear given by
where "+" denotes westerly shear (W), and "-" denotes easterly shear (E). The constant c controls the level at which the flow is zero. Three values of c = 1.0, 0.5, and 0.0 are used and the corresponding flows are referred to as WWlEE, WZ/EZ, and WE/EW,l reThree axisymmetric vortices used in this study are the same as those used in Wang and Holland (1996b) and . They were spun up to hurricane strength on an f plane, centered at 20 o N, in an environment at rest. The environment has a constant surface pressure of 1008.7 hPa and a thermal structure similar to that defined as the mean tropical atmosphere by Stevens et al. (1977) . The relative humidity of the environment is homogeneous in the horizontal and has a vertical profile similar to, but 5% higher than, that of mean tropical cloud cluster environment of Gray et al. (1975 ) .
The azimuthal wind fields of the three vortices are shown in the left panels of Fig. 1 . Vortices A and C have the same constant sea surface temperature of 26.5°C. Vortex B, with a constant sea surface temperature of 28.5°C, is the most intense and the largest in size. Vortex C has a relatively stronger upper-level anticyclone, but slightly weaker intensity than vortex A due to the different vertical structure of the initial vortices used in the spinup process ( see Wang and Holland 1996b; .
The corresponding PV structures of the three vortices (the right panels in Fig. 1 ) indicate that the criteria for barotropic and inertial instabilities are satisfied, as the PV gradient changes sign at 200-400 km from the vortex center, and negative PV develops in the mid-upper layers. As in Wang and Holland (1996b) , we find no b. Vortex structure lution chosen in this study, an adjustment time step D.t L = 120 s was used and the number of adjustment steps per advection step was chosen to be N = 3.
The large-scale condensation is calculated explicitly with the method used in Leslie et al. (1985) . Subgridscale cumulus convection is parameterized following Kuo (1974) with modifications suggested by Anthes (1977) . Evaporation of precipitation has been included in both the large-scale and the subgrid-scale precipitation, following the method of Kessler (1969) . A Newtonian cooling is added in the thermodynamic equation to include the radiation cooling, as used in the tropical cyclone model by Rotunno and Emanuel ( 1987) . The subgrid-scale horizontal diffusion of momentum, heat, and moisture is calculated in the manner given by Smagorinsky et al. (1965) . The vertical diffusion of momentum, heat, and moisture is accomplished by the eddy diffusion coefficient method. The vertical mixing length is held constant at 30 m. The surface turbulent fluxes of momentum, heat, and moisture are calculated by the bulk aerodynamic method, with an exchange coefficient based on those of Powell ( 1980) and Shapiro (1992) . In addition, to suppress the numerical noises, a. weak low-pass filtering operation similar to that used by Purser and Leslie ( 1988) Table 1 are shown in Fig. 2 , but only the results for the adiabatic experiments are discussed in this section. Since the meridional gradient of potential vorticity associated with the linear vertical shear is very small, the propagation of the vortices relative to the environmental steering can be considered as a result of the adiabatic spectively. The corresponding mass and thermal fields are geostrophically balanced either on the f3 plane or on the I plane. As indicated by Flatau et al. (1994) , the PV gradient associated with linear vertical shear is very small. This allows us to isolate the interaction between upper and lower levels of the vortex (Wu and Emanuel 1993; Flatau et al. 1994; Jones 1995) from the advection of environmental PV associated with vertical shear by the vortex circulation (Shapiro 1992) .
d. Summary 01 the experiments
The experimental design follows that of Wang et al. (1993) and Holland and Wang (1995) . Each of the three azimuthally symmetric, baroclinic vortices described in section 2b is superimposed onto each of the vertically sheared environmental flows (section 2c) and integrated with the model described in section 2a up to 72 h. Since the motion of a vortex in an easterly shear on an I plane is simply antisymmetric to that in a westerly shear, only the motion and evolution of the vortices in the three westerly shears are discussed for the I plane experiments. We thus use 18 experiments (Table 1) (Table 2 ) on a beta plane centered at 20 0 N with vortices A, B, and C in both westerly and easterly linear vertical shears and with all model physics are used to examine the beta effects in section 5.
For the experiments without model physics (NH), moist processes, horizontal and vertical diffusion, and the exchange of momentum, heat, and moisture at the sea surface are all excluded. These experiments are referred to as adiabatic experiments (NH), while the experiments with all model physics are referred to as diabatic experiments (H). Note that although the mass and wind fields of each vortex are balanced for the model with full physical processes, superpositioning of the environmental flow onto the vortex may destroy this balance. An extra imbalance is introduced for the adiabatic experiments since they start from the same mass and wind fields as those used in the diabatic experiments. Therefore, care needs to be taken with interpreting the results in the first few hours of the experiments described in this study. 3317 interaction between the vortex and the vertically sheared environmental flow.
a. Mean vortex motion
All the adiabatic vortices moved with the environmental flow at about the (J = 0.6 level, or with the (j = 0.3 -0.9 layer mean (equivalently at 650 hPa or the 350-900 hPa mean). In Wang et al. (1993) and Holland and Wang ( 1995) , the baroclinic vortices moved approximately with the environmental flow averaged between 500 and 900 hPa. This difference mainly results from the more intense vortices used here, which move with a relatively deeper layer mean flow (Velden and Leslie 1991) .
Besides moving in the direction of the environmental flow, the A and B vortices moved consistently to the left of the vertical shear vector, while vortex C moved zonally in the direction of the environmental flow in all cases (Fig. 2 ). Wu and Emanuel (1993) , Flatau et al. (1994) , and Wang and Holland (1995) attributed this leftward propagation to the vertical coupling of the tilted vortex. The motion of our adiabatic tropical cyclonelike vortices arises from both the downshear displacement of the upper-level anticyclonic PV anomaly and the vertical tilt of the cyclonic vortex below. Figure 3 shows the PV fields in NHAWW at 24-h intervals, which is representative of the three adiabatic vortices in the three different westerly shears. The advection of PV of the environment by the vortex circulation is negligible, as expected. The upper-level anticyclonic PV anomaly is displaced downshear relative to the lower cyclonic vortex. The resulting downward penetration of the anticyclonic circulation plays two important roles: 1) to advect the surface vortex to the left of the vertical shear and 2) to shear or tilt the lower cyclonic vortex, especially in the mid-upper levels (second row in Fig. 3 ). The latter also causes the upper port of the cyclonic vortex «(J = 0.3) to become distorted and sheared. Cyclonic PV filaments are extruded north and then northeast of the vortex core.
b. Development of vertical tilt
The lower, cyclonic vortex initially tilts downshear, then the tilted axis starts to rotate cyclonically for all except vortex C (left panels in Fig. 4 ). This rotation arises from both the upward and the downward penetration of the PV anomalies associated with the tilted vortex. Similar axis rotation was found by Jones ( 1995) for initially barotropic vortices in vertical shear and in Wang and Holland ( 1996a,b) for baroclinic vortices on a beta plane in an environment at rest. However, after an initial adjustment around 24 h, both vortices A and B achieved a quasi-steady tilt to the left of the vertical shear vector (Figs. 4a,c) .
The evolution of vortex C is quite different. The cyclonic core at (j = 0.3 was distorted, sheared poleward, and weakened after 24-h integration, similar to that for vortex A in Fig. 3 . A new cyclonic PV core developed in upper levels slightly poleward of the lower-level vortex center after 24 h due to vertical advection of PV from the lower levels (not shown). This produced the apparent sharp tum toward the surface vortex in Fig.  4e . Over the subsequent 48 h it also sheared poleward. Figure 5 illustrates the vertical interaction of a tilted vortex in an environmental flow with westerly vertical shear (W). The initial response of the vortex to the vertical shear is to tilt downshear (Fig. 5a) . The environmental shear (W) continues to tilt the vortex downshear. But vertical penetration of both the upperlevel anticyclonic (A) and lower-level cyclonic (V) circulations act to move the upper-level cyclonic portion of the tilted vortex poleward (Fig. 5b) . As a result, the tilt of the vortex is enhanced with time during the first 24 h (Figs. 4a,c,e). However, once the tilted axis . aligns northwest-southeast, the effects of the upper anticyclone, lower cyclone, and the environmental shear become cancelled. If balance is achieved, a relatively stable tilt or configuration can occur (Figs. 4a,c after 36 h). The time and orientation of this stable tilt vary with the vortex structure and the vertical shear in the environment. If the vertical shear and the vertical penetration flow from the PV anomalies cannot balance, the tilted axis will continue to rotate cyclonically, as discussed by Jones (1995) .
According to Wu and Emanuel ( 1993) and Flatau et al. (1994) , vortex C should move to the left of vortex A, since vortex C has a more intense and deeper anticyclone aloft. However, the deviation of vortex C from the steering flow in all adiabatic experiments is very small (Fig. 2) . This occurs because downward penetration of the stronger upper-level anticyclonic circulation acts to distort and shear the upper-level cyclonic core, which reduces the leftward propagation of the surface vortex. This indicates that vortex distortion and shearing can have a substantial impact on both the degree of vertical coupling and the movement of the surface vortex.
c. Development of vertical circulation
In Wang and Holland ( 1996a) , we have shown that a wavenumber-one pattern of ascent and descent develops to maintain balance for a tilted vortex on a beta plane, but with no environmental flow. This pattern quite clearly developed in all of our adiabatic experiments for vortices in vertical shear on an f plane. Figure 6 provides an example of the vertical motion fields for NHAWW at 24-h intervals. As the vortex tilts to the north after an initial adjustment (Fig. 4) , upward/downward motion occurs to the east/west of the vortex center in the mid-lower troposphere. This vertical motion appears to be proportional to the degree of the vortex tilt and to the intensity of the vortex circulation (Figs. 4 and 6 in the upper-level anticyclone is opposite to, and decoupled from, the lower-level cyclonic system. The vertical motion also can have complex structure in the highly distorted anticyclone layer.
The vertical motion at the upper-level has little direct effect on the vortex motion. However, the vertical circulation at the lower levels can have an important contribution to both the vortex evolution and motion since it can provide convective asymmetries, as described in Wang and Holland (1996b) and elaborated further in section 4c. 
a. Mean vortex motion
Most of the diabatic vortices moved much more leftward of the vertical shear than the corresponding adiabatic vortices (Fig. 2) . The exception was vortex B in WW (Fig. 2a) , which moved to the right of the vertical shear for the first 48 h. We show in section 4c that both the enhanced leftward propagation and the rightward deviation of vortex B in WW are related to the development of PV anomalies associated with diabatic heating and the development of convective asymmetries within the vortex core region. The diabatic vortices also have a downshear motion tendency relative to the corresponding adiabatic vortices, which is largest for the strongest vortex B. This is independent of wind direction at the lowest model level and thus does not arise from the dynamical effect of surface friction discussed by Jones (1977) . Two other mechanisms are found to contribute to this motion component: 1) the diabatic vortices move with a deeper environmental flow, since they are stronger than the corresponding adiabatic vortices and 2) the convection is enhanced on the downshear side of the vortex center (section 4c) .
Although the three environmental flows have the same magnitude of vertical shear, the deviation of vortex motion from the environmental flow varies with the wind profiles. The leftward propagation relative to the vertical shear is largest in WE and smallest in WW (Fig. 2) . This is related to boundary layer asymmetries (section 4d).
b. Dynamical evolution
The general evolution of the diabatic vortices in the westerly vertical shear follows the discussion for the adiabatic vortices in section 3. Diabatic heating by cumulus convection inhibits the development of large vertical tilt (Figs. 4b,d, f ) . As for the diabatic vortices, the initial response of the vortices is to tilt downshear (Figs. 4b,d, f) , as seen for the adiabatic vortices in section 3. Cyclonic rotation of the tilted axis next occurs from vertical coupling between the tilted PV anomalies. After an initial adjustment period (about 24 h), a quasi-steady poleward tilt develops (Figs. 4b, f) . The exception is vortex B, which does not reach a steady vertical tilt during 72 h (Fig. 4d) . This arises from a strong upward penetration of the lower-level large cyclonic PV anomaly (section 3a). Figure 7 shows PV fields for experiment HAWW at 24-h intervals, which is representative of other diabatic experiments (Table l) . In the mid-lower 'troposphere the vortex is nearly symmetric and is characterized by a very tight, high PV core due to the strong inflow. In the outflow layer, however, strong asymmetries in PV fields occur with a large anticyclonic region on the downshear side of the surface vortex center. Downward penetration of circulation associated with this anticyclonic PV anomaly deflects the surface vortex to the left of the vertical shear. Although the environmental c. Development of convective asymmetries flow tends to advect the upper-level PV anomaly downshear, away from the surface vortex, continuous upward transport of anticyclonic PV associated with diabatic heating (section 4d) maintains the upper-level anticyclone just downshear of the lower-level vortex.
Compared to the equivalent adiabatic vortex (Fig.  3) , the upper-level anticyclonic PV anomaly is much stronger in the diabatic vortex (Fig. 7) . This is a major reason for more leftward motion of the diabatic vortices than of the corresponding adiabatic vortices (Fig. 2 ; the exception of vortex B in WW will be discussed in section 4d). Similar results were obtained by Flatau et al. ( 1994) . They attributed the reduced leftward motion of the adiabatic vortex to the reduced vertical coupling, but did not address how the vertical coupling depends on the diabatic heating. We find that the continuous upward flux of anticyclonic PV associated with the diabatic heating is very important (section 4d).
The flow associated with the PV fields in Fig. 7 is quite symmetric in the lower levels, but is strongly asymmetric in the outflow layer (not shown). The initial response of the outflow layer is a breakdown of the axisymmetry and downshear displacement. As the main anticyclonic flow is advected further downshear, an outflow jet forms to the northeast of the lower-level vortex. This jet also tends to enhance the leftward propagation of the lower vortex since the diabatic vortex moves with a relatively deep vertical mean of the flow over the vortex core.
Strong convective asymmetries developed within the vortex core region (Fig. 8) . The maximum rainfall is mainly concentrated to the east for HBWW, to the northeast for HAWW, and to the north for HAWE and HBWE, respectively. The rainfall patterns for vortex C and for the vortices in vertical shear WZ are similar to those for vortex A in both WW and WE. As summarized by and Wang and Holland ( 1996b ) , three mechanisms contribute to the development of these convective asymmetries.
One is the type proposed by Willoughby et al. (1984) . By this mechanism, the vortex moves with the middle-level steering flow and experiences a relative inflow from the downshear side of the vortex center in the lower troposphere. As the air in the relative inflow approaches the high relative vorticity region of the eyewall it tends to conserve its potential vorticity, undergoing stretching with convergence in the lower troposphere and shrinking with divergence as it exits on the other side. As a result, convection is enhanced (suppressed) on the downshear (upshear) side of the cyclone center.
The second mechanism is the vertical coupling mechanism associated with the vertical tilt of the vortex as discussed by Holland (1995, 1996b) . By this mechanism, adiabatic divergent circulation, with ascent (descent) to the downtilt (uptilt) side of the vortex center, develops as a response of the vortex to the vertical tilt forced by the vertical shear in the environmental flow. As a result, convection is enhanced downshear and to the left of the vertical shear relative to the cyclone center as seen from Fig. 6 .
The third mechanism is that associated with the asymmetric sensible and latent heat fluxes from the ocean (Tuleya and Kurihara 1981, 1984) . By this process, superpositioning of the environmental flow in the planetary boundary layer onto the symmetric vortex circulation can result in asymmetric wind fields in the boundary layer and, thus, the asymmetric heat fluxes from the ocean. This may result in an enhancement of convection to the right of the vortex center when facing down the boundary layer flow.
The relative importance of these mechanisms varies from case to case. For example, in the westerly shear flow WW, both the vertical coupling mechanism and the vortex-tube stretching mechanism are important, but there is negligible contribution from the asymmetric heat fluxes from the ocean since the wind fields are nearly symmetric in the planetary boundary layer. In the westerly shear flow WE, however, the asymmetric heat fluxes from the ocean enhance the convective asymmetries (Figs. 8c,d ).
d. Diabatic vortex motion
As indicated by Hoskins et al. ( 1985) , in the absence of diabatic heating and friction at the boundary, the mass-weighted volume integral of PV over a suitably Fig. 3 , Arrows indicate the motion of the vortex center at the lowest level. The domain shown in each panel is 3200 km X 3200 km, defined domain is conserved. In other wards, interior diabatic heating cannot change the mass-weighted total PV around a tropical cyclone. It only plays a role in redistributing the PV by horizontal or vertical transports and fluxes (Raymond 1992 ).
In the absence of vertical shear on an f plane, a quasi-steady tropical cyclone consists of adiabatically and frictionally maintained cyclonic PV anomaly in the lower troposphere, with an expanding anticyclonic PV anomaly in the upper troposphere. That is, the diabatic heating brings cyclonic PV to the lower troposphere, where it is nearly balanced by the destruction of surface friction, and anticyclonic PV to the upper troposphere. As a result, unless radiational cooling can destroy anticyclonic PV in the upper troposphere and the divergent wind transports the anticyclonic PV far from the vortex center horizontally , the total PV should decrease with time (Wu and Emanuel 1993) .
Vertical shear in the environmental flow may substantially change the direction of PV transport by diabatic heating. The PV flux associated with diabatic heating is along the absolute vorticity vector (Raymond 
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vironmental steering. First is the downshear displaced upper-level anticyclonic PV anomaly, which leads to a leftward motion tendency of the vortex relative to the vertical shear (Wu and Emanuel 1993; Flatau et al. 1994) . The second component is related to the PV flux associated with the diabatic heating, which has two results. It tends to displace the surface vortex to the right of vertical shear (Fig. 9b) since the cyclonic vortex has a tendency to move to the region with increasing cyclonic PV (Holland 1983) . Diabatic heating also enhances the leftward motion tendency to vertical shear by enhancing the upper-level anticyclonic PV anomaly (Fig. 9a) . The third component is the deflection of the vortex center to the region with maximum convection by the asymmetric divergent flow within the vortex core (Fig. 11) , as indicated by Wang and Holland 1992) , as illustrated in Fig. 9a . The slope of the absolute vorticity vector (thick arrow in Fig. 9a) U z = 0.1. Approximating the width of the heated region by the lowest contour in Fig. 8 and assuming the depth of the heated region to be 10 km gives hid"'" 1/30. Thus, the PV flux is mainly in the vertical, but there is non-negligible horizontal PV flux. The result is that the diabatic heating generates a pattern of the horizontal PV anomalies, with a cyclonic PV anomaly on the right of the vertical wind shear in the lower troposplrere (Fig. 9b) and an enhanced anticyclonic PV anomaly to the left of the vertical shear at the upper troposphere (Fig. 7) . When a symmetric vortex is removed, a pair of counter-rotating gyres in the lower troposphere (Fig. 9b ) may result from this PV transport. This is seen in our model results shown in Fig. 10 . These gyres rotate cyclonically around the vortex center in HAWW (Fig. lOa) . Their amplitude decreases rapidly away from the vortex center, showing a localized configuration.
The diabatic vortex motion in vertical shear may thus be affected by an evolving set of mechanisms. Initially, the vertically sheared environmental flow 1) tilts the vortex downshear; 2) adds a relative flow through the vortex core from the downshear side to the upshear side in the lower troposphere and 3) establishes a sloping PV flux associated with diabatic heating. The first and the second processes act to initiate asymmetric divergent wind fields with convergence (divergence) on the downshear (upshear) side of the vortex center in the lower troposphere (Figs. 11a, 12 h ), leading to associated enhanced (suppressed) convection on the downshear (upshear) side (Figs. 8a, 12 h) . The third process initiates meridionally aligned counter-rotating asymmetric eddies that introduce easterly flow over the vortex core in the lower troposphere (Figs. 11 a, 12 h) . The asymmetric divergent flow is opposite to the nondivergent flow within the core, but reinforces the nondivergent flow on the downshear side (Figs. 10 and 11 ) and helps sustain the existing asymmetries in convection. After an initial adjustment, a quasisteady configuration of vertical tilt and convective asymmetries develops and exhibits a cyclonic rotation until the enhanced convection becomes located in the left front quadrant of the vortex core when facing downshear (Fig.8a) .
Four components are found to contribute to diabatic vortex motion in vertical shear in addition to the en- , .
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IWlIIIIiii __ (1995, 1996b) and by Willoughby (1988 Willoughby ( , 1992 . The asymmetric divergent flow also reduces the vertical tilt of the vortex by opposing the advective tendency due to the large-scale flow. This concurs with previous studies of Wang et al. (1993) and Holland and Wang (1995) .
The last component is the motion tendency to the right of the boundary layer flow due to the asymmetries in heat fluxes from the ocean. We examined this motion tendency using several supplementary experiments in which each of the three vortices was embedded in a uniformly westerly flow on the f plane (not shown).
All convective maxima and vortex motion were to the right of the environmental flow. The deflection increased with increasing vortex intensity. A similar rightward deflection was obtained by Jones (1977) and Flatau et al. (1994) , who attributed it to the theory of FIG. 13. The 72-h tracks of the three vortices in three types of easterly vertical shear flow on the beta plane (see Table 2 ). The 12-h positions are indicated. o -14 -12 -10 -8 -6 -4 -2 10 r-rrrrrr-r;r-r;r-r;-rT-rT-rT"T""T"T""T"T""T"T""T"'" FIG. 12. The 72-h tracks of the three diabatic vortices in three types of westerly vertical shear flow on the beta plane (see Table 2 ). The 12-h positions are indicated. VOL. 53, No. 22 5. Motion and evolution in vertical shear on a beta plane
In Wang and Holland (1996a,b) , we studied adiabatic and diabatic mechanisms for the beta drift of tropical cyclonelike vortices in an environment at rest. In this section, we extend this work and the experi-HBWW. Because vortex B has a strong vertical gradient of diabatic heating, the associated PV flux produces a strong asymmetric cyclonic-anticyclonic gyre pair to the right and left of the vortex center in the lower troposphere when facing downshear (Fig. lOb) . This results in a strong rightward propagation tendency. Since the upper-level anticyclonic PV anomalies in vortex B are weaker than those in either vortex A or C (Fig. 1) , the induced leftward motion tendency is also weaker. As a result, in the first 48 h, the rightward motion tendency dominates to move vortex B to the right of the vertical shear (Fig. 2a) . This results in a relative flow across the vortex core from the right to the left of the vertical shear in the lower troposphere, which enhances convection to the right front of the vortex center when facing downshear (T = 24 and T = 36 in Fig. lOb) . As the integration proceeds, the leftward motion tendency relative to the vertical shear increases as the anticyclonic PV anomaly at the upper troposphere strengthens from the strong diabatic heating. As a result, vortex B turned to the left of the vertical shear after about 48 h (Fig. 2a ). The motion processes were then similar to those in vortex A (Figs. 8, 10 , and 11). Flatau et al. (1994) found that the leftward propagation increases with increasing vortex intensity and vertical motion (by increasing the diabatic heating). This is in contrast to our results since vortex B is the strongest of the three vortices, but its leftward motion tendency is reduced for all of the three linear vertical shear profiles (Fig. 2) . We suggest that such a difference results mainly from the asymmetric diabatic heating that develops here and from the different vortex structure used in Flatau et al. (1994) .
As a final comment, we note that in a three-dimensional PE model with a CISK-type parameterization by which convective heating is proportional to the relative vorticity at the top of the planetary boundary layer, Wang et al. (1993) obtained a rightward propagation of baroclinic vortex to vertical shear. Cyclonic PV is transported to the right of the vertical shear in the lower troposphere (Fig. 9) , resulting in more diabatic heating and a rightward propagation of the vortex in Wang et aI.' s model. As indicated by L. Shapiro ( 1994, personal communication) , the heating in nature is mainly proportional to the boundary layer convergence and the quasigeostrophic-like proportionality with vorticity is inappropriate in a hurricane environment. The results obtained in the present study clearly support Shapiro's arguments and argue against use of such a CISK-type parameterization in tropical cyclone motion studies. vortex motion with friction proposed by Kuo (1969) . However, we find that convective asymmetries within the vortex core region are more important, since the large rightward deflection is always related to the large asymmetries in convection. The resultant diabatic vortex motion in vertical shear mainly results from a combination of the above four motion tendencies and the environmental steering. If the leftward motion tendency from the downward penetration of the downshear displaced upper-level anticyclonic PV anomalies dominates, the vortex will propagate to the left of the vertical shear vector, for example, vortices A and C (Fig. 2) . For those vortices with a leftward propagation, the relative flow about the moving vortex at the lower troposphere will come not only from the downshear side of the vortex center, but also from the left of the vertical shear. For example, in westerly vertical shear, the tilted axis rotates cyclonically to the northeast and then to the north (Fig. 4b) due to the vertical penetration of the vertically tilted PV anomalies (Fig. 5) . The asymmetric eddies also experience a cyclonic rotation and align in the east-west direction after 24 h (Fig. 10) . As a result of these changes, the vortex moves quasi-steadily to the left of the vertical shear vector and convection is enhanced in the leftfront quadrant when facing downshear after an initial adjustment (Fig. 8a) . The cyclonic rotation of the asymmetric eddies is consistent with changes in the vertical windshear in a relatively large area around the vortex core (not shown).
We now apply the basic mechanisms described above to explain the complex motion of vortex B in ments done in section 4 to include a combined betaeffect and vertical shear. This requires separate treatment of westerly and easterly vertical shears as listed in Table 2 .
The 72 erly) shear increases (decreases) the poleward component of the beta drift of vortices A and C. For vortex B, the rightward propagation in WW (EE) reduces (slightly increases) the poleward propagation due to the beta effect. However, the motion is not just a linear superposition of movements due to the beta effect and the vertically sheared environmental flow on the f plane. The processes involved are highly nonlinear and involve substantial differences in upper-level flow evolution.
The different types of evolution of the upper-level PV regime are indicated by the westerly and easterly shear cases in Figs. 15 and 16 . The evolution consists of a beta propagation (Wang and Holland 1996b) together with a downshear advection by the upper-level flow. As a result, the upper-level anticyclonic PV pool is concentrated on the equatorward side of the surface vortex in westerly shear (Fig. 15) and far to the west in easterly shear (Fig. 16) . A distinct outflow jet forms in westerly shear, but no principle outflow jet in east-3331 erly shear (not shown). In the latter case, the combination of advection and Rossby propagation displaces the anticyclone rapidly westward, leaving a northerly wind over the cyclonic vortex. The increased vertical shear tilts the cyclone and decreases the cyclone intensity (not shown). This concurs with the observations of Merrill (1988) .
Thus, a variety of nonlinear changes, including flow across the vortex core and vortex structure including convective asymmetries (not discussed here), lead to the variety of vortex motion shown in Figs. 12 and 13. For example, the equatorward displacement for vortices A and C in EW on the [plane is 450-500 kIn after 72 h (Fig. 2c) . This is about the same magnitude as the poleward displacement on a beta plane without an environ~ental flow (Fig. 14) . But the vortices in EW on the beta plane still move poleward, especially during the last 24 h (Fig. 13c) . What has happened is that the upper-level anticyclone is advected and propagates well away from the cyclone, the downward penetration of the PV anomaly is reduced, and the beta effect dominates to move the vortices primarily poleward.
The motion of vortices A and C is similar for both easterly and westerly (Figs. 12 and 13 ). Vortex B has quite different motion, especially for all easterly shears and WW. Following the discussion in section 4, we consider that this difference arises from a combination of several processes: the beta effect, the vertical coupling, PV transport, and development of different convective asymmetries and their resulting motion tendencies.
Summary
The motion and evolution of tropical cyclonelike vortices in an environmental flow with vertical shear have been investigated both on an [plane and on a beta plane using a three-dimensional primitive equation model with simple physical parameterizations. Emphasis has been placed on the fundamental dynamics of both adiabatic and diabatic baroclinic vortices embedded in linear vertical shear, the influence of vertical structure of both the vortex and the environment, and the role of diabatic heating.
The combined effects of all imposed conditions lead to the vortices generally propagating with the 650-hPa flow over the vortex core, or the vertically averaged flow from 350 to 900 hPa. The stronger cyclonic vortex moves with a deeper mean flow. This agrees with earlier studies, as summarized in Wang and Holland (l996b) .
When a vertical shear is imposed on an [plane, the initial response is to tilt downshear. This leads to vertical coupling between the tilted PV anomalies (anticyclonic aloft, cyclonic below), with a rotation of the lower cyclone centers. After an initial adjustment period, most vortices reach a steady, tilted configuration and motion, which varies with the vortex structure, type, and magnitude of vertical shear and convective heating.
Vertical coupling of the tilted vortex causes most surface centers to propagate to the left of the vertical shear, as the upper-level anticyclonic PV is displaced downshear. For strong and large vortices, coupling between the tilted cyclonic component of the vortex may reduce the leftward propagation.
Diabatic heating by cumulus convection introduces substantial modifications, both from the vertical flux of PV and the flow associated with development of convective asymmetries. The diabatic heating leads to a flux of anticyclonic PV into the upper troposphere and of cyclonic PV to the right of the vortex center at the surface. The result is substantial changes to the vortex motion. Enhanced leftward or rightward propagation relative to the vertical shear has been demonstrated, depending on the relative magnitude of the different motion tendencies.
Convective asymmetries also develop with substantial enhancement to the left front quadrant of the vortex center when facing downshear Holland 1995, 1996b) . The resulting asymmetric divergent flow deflects the surface vortex toward the region of maximum convection, leading to a leftward and downshear motion tendency. Further, downward vertical fluxes of cyclonic PV associated with the diabatic heating produces two counter-rotating eddies near the surface, cyclonic to the right and anticyclonic to the left of the vortex, when facing downshear. These eddies help to maintain the convective asymmetry in vortex core region.
When the planetary vorticity gradient is taken into account, the vortex motion becomes highly nonlinear and cannot be approximated by a linear addition of shearing effects and the beta effect. In general, the beta effect dominates, leading to vortices propagating poleward relative to the mean environmental flow, but with substantial modification from vertical shear and convective processes.
